We have developed a rapid quantitative method (Ms-SNuPE) for assessing methylation differences at specific CpG sites based on bisulfite treatment of DNA followed by single nucleotide primer extension. Genomic DNA was first reacted with sodium bisulfite to convert unmethylated cytosine to uracil while leaving 5-methylcytosine unchanged. Amplification of the desired target sequence was then performed using PCR primers specific for bisulfite-converted DNA and the resulting product isolated and used as a template for methylation analysis at the CpG site(s) of interest. This methylation-sensitive technique has several advantages over existing methods used for detection of methylation changes because small amounts of DNA can be analyzed including microdissected pathology sections and it avoids utilization of restriction enzymes for determining the methylation status at CpG sites.
Transcriptional silencing of genes mediated by the epigenetic effects of DNA methylation at CpG-island containing promoters has been well documented (1) . Changes in methylation patterns at specific CpG sites are routinely monitored by digestion of genomic DNA with methylation-sensitive restriction enzymes followed by Southern analysis of the region(s) of interest. This technique is straightforward but has inherent disadvantages, including the requirement for large amounts of DNA (≥5 µg) and limited scope for analysis of CpG sites as determined by the presence of recognition sites for methylation-sensitive restriction enzymes. A PCR-based methylation assay which utilizes digestion of genomic DNA with methylation-sensitive restriction enzymes prior to PCR amplification has also been described (2) . However, this method has the potential of generating false positive signals (methylation present) because of inefficient enzyme digestion or overamplification in the subsequent PCR reaction.
Bisulfite treatment of DNA distinguishes methylated from unmethylated cytosines, but the original bisulfite genomic sequencing technique described by Frommer et al. (3) requires large-scale sequencing of multiple plasmid clones to determine overall methylation patterns. Additional methods have been developed recently which utilize bisulfite treatment of DNA as a starting point for methylation analysis. These include methylationspecific PCR (MSP) (4) and restriction enzyme digestion of PCR products amplified from bisulfite-converted DNA (5, 6) . In this report we demonstrate that application of a newly developed technique, methylation-sensitive single nucleotide primer extension (Ms-SNuPE), for methylation analysis has several advantages over existing methods because it is quantitative, does not use restriction enzymes, and many CpG sites can be analyzed in each primer extension reaction by using a multiplex primer strategy.
The SNuPE assay utilizes internal primer(s) which anneal to a PCR-generated template and terminate immediately 5′ of the single nucleotide to be assayed. This method has been used for the detection of gene mutations (7) and quantitation of allele-specific expression (8) (9) (10) . The relative amount of allelic expression is quantitated by measuring the incorporation of different 32 P-labeled dNTPs. Figure 1 outlines how Ms-SNuPE can be utilized for quantitative methylation analysis. Treatment of genomic DNA with sodium bisulfite causes unmethylated cytosine to be converted to uracil which is subsequently replicated as thymine during PCR. Methylcytosine is resistant to deamination and is replicated as cytosine during amplification. Quantitation of the ratio of methylated versus unmethylated cytosine (C versus T) at the original CpG sites can be easily determined by incubating the gel-isolated PCR product, primer(s), and Taq polymerase with either [ 32 P]dCTP or [ 32 P]TTP followed by denaturing polyacrylamide gel electrophoresis and phosphorimage analysis. Oppositestrand Ms-SNuPE primers can also be designed which would incorporate either [ 32 P]dATP or [ 32 P]dGTP to assess methylation status depending on which CpG site is analyzed.
We used the Ms-SNuPE assay to determine the methylation status of multiple CpG sites in various DNA samples (Fig. 2) . Different length primers (15-, 18-and 21mer) were designed for multiplex quantitation of methylation at three top strand cytosines in the 5′ CpG island of the p16 tumor suppressor gene in various cell lines, white blood cell DNAs and human tumors. The intensities of bands in the C lanes were proportional to the percent methylation at each CpG site being monitored and band intensities in the T lanes were proportional to the percent of unmethylated cytosine. Background incorporation was measured *To whom correspondence should be addressed. Tel: +1 213 764 0816; Fax: +1 213 764 0102; Email: jones_p@froggy.hsc.usc.edu Outline for the determination of strand-specific methylation status at cytosines by the Ms-SNuPE assay. Genomic DNA is treated with sodium bisulfite followed by PCR of the target sequence to generate the template for top strand methylation analysis. Bottom strand methylation can also be assayed by designing the appropriate primers to generate bottom strand-specific template. PCR products are electrophoresed and isolated from agarose gels followed by incubation with the appropriate Ms-SNuPE primer(s), buffer, [ 32 P]dNTPs and Taq polymerase for the primer extension reaction. Radiolabeled products are then electrophoresed on 15% polyacrylamide gels under denaturing conditions and visualized by exposure to autoradiographic film or phosphorimage quantitation.
by the ratio of signals quantitated when control DNAs were incubated with the incorrect [ 32 P]dNTP. Sample M was obtained from a control plasmid generated from PCR amplification of bisulfite-treated DNA from a sample known to be methylated at all CpG sites within the region of interest. The presence of bands in the C lane and absence of bands in the T lane indicated that non-specific incorporation of [ 32 P]TTP in the methylated sequence control (M) did not occur. Sample U represented an unmethylated DNA sequence amplified from a plasmid and showed no visible bands in the C lane but presence of bands at each monitored site in the T lane. Background levels of non-specific [ 32 P]dCTP incorporation were also virtually non-existent in this case. A mixture (mix) of PCR-amplified plasmid DNAs containing a 50:50 ratio of bisulfite-specific methylated and unmethylated sequences was used to control for specific activity of the 32 P precursors and the possibility of differential incorporation efficiency of each radionucleotide. The C:T signal ratio as measured by phosphorimage analysis of each site in the control mixtures was very close to the 50:50 expected ratio.
The T24 human bladder cancer cell line showed ∼95% methylation at each of the three sites examined and has been previously shown to be heavily methylated at all CpG sites in the Figure 2 . Quantitative methylation analysis of three top strand CpG sites in the 5′ CpG island of p16 in various DNA samples using the Ms-SNuPE technique. The top diagram indicates the locations of the three sites analyzed (numbered 1, 2 and 3) relative to putative transcriptional start sites (vertical arrows pointing upwards) and the exon 1α coding domain. PCR primers used for top strand amplification of the 5′ region of p16 which includes putative transcriptional start sites were: 5′-TTT GAG GGA TAG GGT-3′ and 5′-TCT AAT AAC CAA CCA ACC CCT CC-3′. Reactions were performed in a 25 µl total volume under the following conditions: ∼50 ng bisulfite-treated DNA (less for microdissected samples), 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 50 mM KCl, 0.1% gelatin/ml, 100 µM of each dNTP, 0.5 µM final concentration of each primer and 1 U of Taq polymerase (Boehringer Mannheim, Indianapolis, IN). All reactions were hotstarted using a 1:1 mixture of Taq/TaqStart antibody (Clontech, Palo Alto, CA). An initial denaturation of 94_C for 3 min was followed by 94_C for 30 s, 68_C for 30 s, 72_C for 30 s for a total of 35 cycles. PCR products were electrophoresed on 2% agarose gels and bands were isolated using the Qiaquick gel extraction kit (Qiagen, Santa Clarita, CA). Ms-SNuPE reactions were performed in a 25 µl reaction volume: ∼10-50 ng of PCR template was incubated in a final concentration of 1 × PCR buffer, 1 µM of each Ms-SNuPE primer, 1 µCi of either [ 32 P]dCTP or [ 32 P]TTP and 1 U of Taq polymerase. Primer extension reactions were also hotstarted using a 1:1 mixture of Taq/TaqStart antibody. Primers used for Ms-SNuPE analysis were: site 1, 5′-TTT TTT TGT TTG GAA AGA TAT-3′; site 2, 5′-TTT TAG GGG TGT TAT ATT-3′; site 3, 5′-GTA GAG TTT AGT T-3′. Conditions for primer extension reactions were: 95_C for 1 min, 50_C for 2 min, 72_C for 1 min. Stop solution (10 µl) was then added to reaction mixtures and samples were loaded onto 15% denaturing polyacrylamide gels (7 M urea). Radioactivity of bands was quantitated via phosphorimage analysis. Control sets included: M, PCR product amplified from a plasmid containing bisulfite-specific methylated sequence; U, PCR product amplified from a plasmid containing bisulfite-specific unmethylated sequence; mix, 50:50 mixture of methylated and unmethylated PCR-amplified plasmid sequences. DNA samples analyzed include: T24 and J82, bladder cancer cell lines; wbc, white blood cell; melanoma, primary melanoma tumor; bladder, primary bladder tumor. Sample 4 was microdissected from paraffin-embedded tumor material. The grid at the bottom of the figure shows the ratio of methylated (C) versus unmethylated (T) bands at each site based on phosphorimage quantitation.
promoter region of p16 by other techniques including Southern analysis and genomic sequencing (data not shown). The J82 human bladder cancer cell line showed very low levels of detectable methylation at the three CpG sites examined by Ms-SNuPE (∼1%). These results are also consistent with previous findings in our laboratory regarding the methylation status of this region in the J82 cell line. DNA extracted from human blood (leukocyte fraction) showed low levels of methylation at all sites measured. Variable levels of methylation were observed in melanoma and bladder tumor DNAs including a microdissected bladder tumor specimen (Fig. 2) .
The Ms-SNuPE assay produced a linear response when used for quantitative methylation analysis in a mixing experiment . This graph represents data from the 18mer oligonucleotide which was used in multiplex analysis of CpG methylation (site 2) of the p16 5′ CpG island in combination with 15-and 21mer primers (correlation coefficient = 0.99). Both the 15mer and 21mer produced a nearly identical linear response as the 18mer. The graph represents data from three separate experiments. Differential specific activity and incorporation efficiency of each [ 32 P]dNTP was controlled for by using the 50:50 mixture of bisulfite-specific methylated versus unmethylated PCR template for Ms-SNuPE analysis.
using DNAs from T24 and J82 cells (Fig. 3) . Figure 3 shows data for the 18mer oligonucleotide used in these multiplex primer experiments (correlation coefficient = 0.99). The linear response of both the 15-and 21mer primers was virtually identical to this result (data not shown).
We have demonstrated that Ms-SNuPE can be used for the rapid detection and quantitation of methylation differences in genomic DNA. Furthermore, the amount of methylation at multiple CpG sites can be analyzed in a single reaction by using a multiplex oligonucleotide strategy and without the use of restriction enzymes. The Ms-SNuPE technique should prove to be extremely useful for detecting and quantitating abnormal methylation changes in cancer cells when only small amounts of DNA such as microdissected material are available.
